INTRODUCTION
Shigellosis, a disease characterized by the destruction of the colonic epithelium in humans, is caused by Shigella spp. The estimated annual incidence of shigellosis exceeds 150 million cases worldwide and it is responsible for 1 million deaths per year mainly in the developing world (Kotloff et al., 1999) . However, a recent report based on the disease burden and epidemiology of shigellosis in six Asian countries suggests that the actual number of deaths due to this infection might be less than previously assumed in this area (von Seidlein et al., 2006) .
A total of 50 serotypes based on O-antigenic structure are recognized within the genus. There are four subtypes or species: Shigella dysenteriae (subtype A), Shigella flexneri (subtype B), Shigella boydii (subtype C) and Shigella sonnei (subtype D). Twenty and 15 serotypes have been defined for S. boydii and S. dysenteriae, respectively. All S. sonnei strains fall into a single serotype and S. flexneri is characterized by 14 serotypes. Many typing methods, including multilocus enzyme electrophoresis and multilocus sequence typing (MLST) using different sets of genes, have shown that Shigella spp. belong to the Escherichia coli superfamily, consisting of three main clusters and a number of outliers (Escobar-Paramo et al., 2003; Pupo et al., 2000; Wirth et al., 2006; Yang et al., 2007) . S. flexneri serotypes 1-5, X and Y belong to the main cluster 3 (C3) along with S. boydii 12. S. flexneri 6 and S. boydii 2 and 4 belong to the subcluster 3 (SC3) of the main cluster 1, while the majority of S. dysenteriae and S. boydii (1, 3, 6, 8, 10 and 18) belong to the subclusters 1 and 2 (SC1, SC2) of the main cluster 1, respectively. S. flexneri variant Y contains the basic O-antigen of tetrasaccharide N-acetylglucosamine-rhamnose-rhamnose-rhamnose, serotypes 1-5 and X have glucosyl and/or O-acetyl modifications on those sugar residues and serotypes 6 and 6a have a different O-antigen structure from the others (Cheah et al., 1991) . The genome sequence analyses of two S. flexneri serotype 2a strains, 2457T and Sf301, one 5b serotype strain, Sf8401, S. sonnei, S. dysenteriae serotype 1 and S. boydii serotype 4 have been completed (Jin et al., 2002; Nie et al., 2006; Wei et al., 2003; Yang et al., 2005) . The complete DNA sequences of the large virulence plasmid of Shigella species have also been published (Buchrieser et al., 2000; Jiang et al., 2005) .
MLST of bacterial species was first reported in 1998, and today there are several schemes and public websites for more than 33 species in operation (Maiden, 2006) . The evolution of E. coli, particularly the development of virulence and the origin of pathogenic strains, has been studied using MLST analysis (Wirth et al., 2006) . The freeaccess MLST database of E. coli is based on analysis of 462 globally distributed strains including the 72 ECOR collection, and data are continuously being added. By MLST analysis, pathogenic enterohaemorrhagic E. coli, enteropathogenic E. coli, enteroinvasive E. coli (EIEC) and Shigella appear to have originated independently and have been continually evolving from several lineages (Wirth et al., 2006) . S. flexneri can be categorized into two sequence type (ST) complexes, each containing a number of STs (Wirth et al., 2006) . According to this classification, S. flexneri serotypes 1-5 and variants X and Y make up the ST245 complex, and serotypes 6 and 6a belong to the ST243 complex. However, this study focused on various strains of E. coli in general and only one strain of each serotype of Shigella spp. was included. Detailed analysis of more clinical isolates is therefore warranted for phylogenetic analysis of Shigella spp. and hence we applied the MLST scheme to a sample of S. flexneri isolates collected mainly in Korea and Asian countries since the 1980s. We found that ST245 is common throughout S. flexneri serotypes 1-4 and X and confirmed that S. flexneri serotypes 6 and 6a formed a distinct group from other serotypes. Approximately 10 % of the S. flexneri isolates were represented by new STs and this suggests that there are many variable STs yet to be identified in this species.
METHODS
Strains. A total of 107 clinical S. flexneri isolates collected in Korea, China, the Philippines, Singapore, Sri Lanka and Taiwan were transported to the International Vaccine Institute, Seoul, Korea (Supplementary Table S1 in JMM Online). Sixty-seven isolates were collected throughout Korea from 1981 to 2000 (Jeong et al., 2003; Kim et al., 2004; Seol et al., 2006) , 17 were collected from Hebei Province, China, in 2002 (von Seidlein et al., 2006 , and 23 isolates were collected from the Philippines, Singapore, Sri Lanka and Taiwan in 2002. The isolates were grown at 37 uC overnight in trypticase soy broth or agar as required and serotyped by slide agglutination (Denka Seiken). The genome sequences of S. flexneri serotype 2a strain 2457T (Wei et al., 2003) , Sf301 (Jin et al., 2002) and serotype 5b strain Sf8401 (Nie et al., 2006) were entered into MLST analysis after generating allele types in silico. Two laboratory strains, S. flexneri serotype 2a YSH6000 (Ohya et al., 2005) and serotype 5a M90T (Allaoui et al., 1992) , were also included in this analysis.
Genomic DNA preparation, DNA sequencing and MLST analysis. Genomic DNA was prepared from agar-grown cultures using the Prepman Ultra kit (Applied Biosystems). Seven housekeeping genes were amplified using the primers and PCR conditions described previously (http://web.mpiib-berlin.mpg.de/mlst/dbs/Ecoli/documents/ primersColi_html) (Wirth et al., 2006) for MLST analysis: adk (adenylate kinase), fumC (fumarate hydratase), gyrB (DNA gyrase), icd (isocitrate/isopropylmalate dehydrogenase), mdh (malate dehydrogenase), purA (adenylosuccinate dehydrogenase) and recA (ATP/ GTP binding motif). The purified PCR products were sequenced in both directions using a Big Dye cycle sequencing kit (Applied Biosystems) and sequencing was performed on an ABI 3770 automatic sequencer according to the manufacturer's instructions. Sequence data for each isolate were added to a group of known sequences to be aligned simultaneously and edited through jPHYDIT (Jeon et al., 2005) . Allele type numbers were assigned by comparing the sequences to those in the E. coli MLST database. New ST numbers were assigned to novel STs that included new allele type(s) and/or new combination of allele types. Phylogenetic trees were constructed with combined sequences using BioNumerics software (Applied Maths) by the neighbour-joining method, based on distances estimated using the Jukes and Cantor coefficient (Holmquist et al., 1972) . Minimal spanning trees were generated in BioNumerics based on the degree of allele sharing.
RESULTS AND DISCUSSION
Eight new allele types (adk, 1; fumC, 2; icd, 1; purA, 4) were found among the 107 clinical isolates and 2 laboratory strains of S. flexneri. Moreover, 10 new STs were identified which contained the new allele type(s) and/or new combinations of known allele types. Two ST complexes were reported in S. flexneri previously as shown in Table 1 (Wirth et al., 2006) . ST145 (allele types 1,10,1,1,1,1,1 in the order of adk, fumC, gyrB, icd, mdh, purA and recA,) and ST262 (1,6,1,1,1,1,1) that fell in the ST243 complex were recognized in S. flexneri serotypes 6 and 6a. Other serotypes of S. flexneri were grouped in the ST245 complex (ST245 : 6, 61, 6, 11, 13, 3, 50) . Nine new STs differing in one to three allele loci from ST245 were identified in this study (Tables  2 and 3 ). In the study of Wirth et al. (2006) , ST245 was found in serotypes 1a, 1b, 3a, 3c, 4b and X of S. flexneri; this work confirms that a number of isolates of serotypes 2a, 2b, 3b, 4a and 4c (antigenic formula IV:7,8) also fell in this ST (Tables 2 and 3) .
Novel STs associated with serotypes
The new STs found in this study and the variation sites of each allele are listed in Tables 3 and 4 . One of the serotype 1b isolates (IB012) which originated in Korea in 1991 was typed as ST627 on the basis of variation in the purA locus (purA97) at nt 477 (T to C). Among serotype 2a isolates ST626 was found in a representative (IB047) from Taiwan, characterized by variation at nt 449 in the adk locus. A further new allele type, 149, was identified in the fumC locus of one of the serotype 2a isolates (IB037) from China. This isolate contained a repeat of six nucleotides (ATGAAC, nt 316-321) between nt 321 and 322 which gave rise to a new ST, ST651. A laboratory strain, YSH6000, of serotype 2a contained a new allele type, purA98, which differed in one nucleotide (position 633) from the common allele type purA3, resulting in ST633.
We analysed 17 serotype 3a isolates: one from the Philippines (in 2002) and 16 Korean isolates (1986 and 1987) . The Philippines isolate was assigned ST628; this ST did not contain new allele types, but was composed of a new combination of previously recognized allele types. ST245  ST245  1a  2  6  61  6  11  13  3  50  1b  10  2a  61*  2b  2  3b  1  4a  1  4c  2  X  3  ST626  2a  1  116  61  6  11  13  3  50  ST651  1  6  149  6  11  13  3  50  ST633  1  6  61  6  11  13  98  50  ST627  1b  1  6  61  6  11  13  97  50  ST628  3a  1  6  61  6  11  13  3  55  ST629  16  6  145  6  11  13  3  55  ST631  5a  1  6  74  6  123  13  3  50  ST634  5b  1D  6  61  6  123  13  3  50  ST630  Y  1  6  61  6  11  6  95  7  ST243  ST145  6  3  1 Allele recA55, which was found in serotype 4a in a previous study (Wirth et al., 2006) , was identified in this isolate. The Korean serotype 3a also contained recA55 but had an additional new allele, fumC145, and defined ST629.
All other serotypes of S. flexneri contained icd11 while serotype 5, 5a, and 5b isolates contained icd66 or icd123, which have common variation sites at positions 207 and 258 but differ at position 625 (Table 4) ; M90T, a laboratory strain of serotype 5a, contained allele type icd123, which differed by two nucleotides (207 and 258) from the common allele type icd11 of the ST245 complex. Allele fumC74, with a variation site at nt 578, was also identified in M90T, resulting in a new ST, ST631. S. flexneri 5b strain Sf8401, for which the genome sequence is available (Nie et al., 2006) , contained the same allele type icd123 as M90T but differed from M90T in the fumC locus, and was assigned to ST634. The single isolate of serotype Y tested was assigned to ST630 characterized by allele mdh6, which was found by Wirth et al. (2006) in five strains of S. boydii (ST149 complex) and one EIEC strain (ST250 complex), but not in S. flexneri. A new allele type of the purA locus was found in ST630 (purA95) and recA7 that was not previously found in S. flexneri but was present in all S. sonnei strains and some S. dysenteriae strains (Wirth et al., 2006) . Although ST630 cannot be included in the ST245 complex since ST245 and ST630 differed by more than three loci, it remains clear that the two STs are closely related.
We identified a new allele type, purA96, in a serotype 6 S. flexneri isolate from Taiwan (C to T at nt 453), resulting in an ST632. The STs of four serotype 6 isolates, including ST632, fell in the ST243 complex, which is distinct from the ST245 complex. Some previously reported STs were not found in this study (Table 3) , perhaps due to the geographical difference and limited duration of the strain collection.
Phylogenetic analysis
The distribution of each of the S. flexneri STs in the minimal spanning tree is shown in Fig. 1 , and the phylogenetic tree generated by the neighbour-joining method is shown in supplementary Fig. S1 in JMM Online. Both analyses showed that the ST245 complex and the ST243 complex are distinct groups. Since serotype Y is considered a parental form of other serotypes, analysis of more Y isolates may provide helpful information on the origin of S. flexneri. Given that ST245 is found in various serotypes and several STs could be recognized within a serotype, categorizing each serotype according to the STs was not possible. However, serotype 5 and subtype strains constitute a separate lineage within the ST245 complex by both analysis methods.
Along with the chromosomal loci analysis, the evolution of the virulence plasmid of Shigella and EIEC has been extensively studied (Lan et al., 2001 (Lan et al., , 2003 Yang et al., 2007) . Here, we focused on the chromosomal loci according to the MLST analysis scheme of E. coli. It is important to combine the analysis of the chromosomal loci as well as the analysis of the virulence plasmid in the future for better understanding of the origin and pathogenicity of Shigella spp. Two hypotheses are suggested for the origin of Shigella spp. from the ancestral E. coli. Escobar-Paramo et al. (2003) concluded from the sequence analysis results of comparison of four chromosomal genes and three virulence plasmid genes that a single transfer of the virulence plasmid occurred into an ancestral E. coli, which diversified into Shigella and EIEC (Escobar-Paramo et al., (Wirth et al., 2006) , it would be feasible to analyse the evolutionary history of Shigella spp. starting with closely related groups or species such as S. flexneri and S. sonnei and expanding to other groups or species. A good model would be the report of the evolutionary history of Salmonella enterica serovar Typhi (Roumagnac et al., 2006) , in which the sequence variations of 200 gene fragments from 105 representative globally collected strains of Salmonella Typhi were analysed. A similar approach was applied to an E. coli collection (Hommais et al., 2005) . For the application of such analysis methods, it is important to have a set of globally and chronologically collected representative Shigella strains. We expect that some isolates from this study will provide useful information for further analysis. We have collected around 3000 isolates of Shigella spp. anticipating identification of the more informative strains among them.
IncHI1 plasmid
Wei et al. (2003) reported that pSf-R27, a Salmonella enterica serovar Typhi R27-like plasmid, was found in S. flexneri 2a 2457T during genome sequencing of this strain, but not in the other 142 isolates (Wei et al., 2003) . PCR primers (incH-F, CGAAATCGGTCCAACCCATTG; incH-R, CGACAACTCATCAGAAGCGTCAAC) specific to repHI1A of R27 (Wain et al., 2003) were used to screen for the presence of pSf-R27 among our S. flexneri isolates; however, no isolates contained this plasmid.
